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Mechanism of volume expansion on citrate, ammonia, and acid
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SHELDON ADLER, DONALD S. FRALEY, and BARBARA ZETT
Department of Medicine, Montefiore Hospital and University of Pittsburgh School qf Medicine, Pittsburgh. Pennsylvania
Mechanism of volume expansion on citrate, ammonia, and acid excre-
tion in the rat. Potassium-depleted rats receiving sodium chloride or i.v.
mannitol decrease their blood bicarbonate concentration isohydrically,
reduce urinary citrate, and increase urinary ammonia excretion per
milligram of urinary creatinine. To determine the mechanisms of these
renal changes, we volume expanded normal rats with mannitol, normal
saline, or saline bicarbonate solutions. Blood pH in each group re-
mained constant, but blood bicarbonate fell significantly in the mannitol
and saline-infused rats. In these two groups, urinary citrate per Unit
GFR decreased 27% and 25% (P < 0.01) but urinary ammonia excretion
per unit GFR increased 120% and 90% (P < 0.01). By contrast, in saline
bicarbonate rats, citrate excretion increased 27% and urinary ammonia
excretion rose 29% (P > 0.2). Rats with metabolic acidosis given saline
did not alter blood pH or bicarbonate. Citrate excretion per unit GFR
increased 150% (P < 0.02) but urinary ammonia excretion rose insignifi-
cantly by 11%. Calculated net tubular reabsorption of citrate increased
in the mannitol and saline-infused rats. The rise in urinary pH in these
two groups during expansion suggests that renal ammonia production
was also increased. We conclude that volume expansion changes renal
citrate and ammonia metabolism by isohydrically reducing blood bicar-
bonate concentration, thereby demonstrating another effect of bicar-
bonate, independent of pH, on renal metabolism.
Mécanisme des effets de l'expansion volémique sur l'excrétion de
citrate, d'ammoniaque, et d'acide chez le rat. Des rats déplétés en
potassium recevant du chlorure de sodium ou du mannitol intraveineux
diminuent leur concentration de bicarbonate piasmatique de facon
isohydrique, réduisent leur excretion urinaire de citrate et augmentent
l'excrétion d'ammoniaque par milligram de crCatinine urinaire. Afin de
determiner les mCcanismes de ces modifications rdnales des rats
normaux ont subi une expansion volemique avec des solutions de
mannitol, de chiorure de sodium ou de bicarbonate de sodium. Le p1-I
sanguin est resté constant dans chaque groupe mais Ia concentration de
bicarbonate a diminué significativement chez les rats qui ont recu du
chlorure de sodium ou du mannitol. Dans ces deux groupes l'excrétion
urinaire de citrate par unite de debit de filtration glomérulaire (GFR) a
diminué de 27% et 25% (P < 0,01) alors que l'excrCtion urinaire
d'ammoniaque par unite de GFR a augmenté de 120% et 90% (P <
0,01). Au contraire, chcz les rats recevant bicarbonate, l'excrCtion de
citrate a augmenté de 27%, et l'excrétion urinaire d'ammoniaque a
augmenté de 29% (P < 0,2). L'administration de chlorure de sodium a
des rats en acidose mCtabolique na pas modiflé Ic pH sanguin ou a
concentration de bicarbonate du plasma. L'excrétion de citrate par
unite de GFR a augmenté de 150% (P < 0,02) alors que l'excrétion
urinaire d'ammoniaque a augmenté de facon non significative de 11%.
La reabsorption tubulaire de citrate nette calculée a augmente chez les
rats perfuses avec du mannitol et du chlorure de sodium. L'augmenta-
tion de pH urinaire dans ces deux groupes au cours de l'expansion
suggere que Ia production rénale d'ammoniaque avait aussi augmenté.
Nous concluons que l'expansion change Ic métabolisme du citrate ci de
l'ammoniaque en diminuant de facon isohydrique Ia concentration de
bicarbonate et, de ce fait, met en evidence un autre effet du bicarbon-
ate, independant du pH, sur Ic métabolisme renal.
Recent work from our laboratory demonstrated that when
potassium chloride-depleted rats were volume expanded by
sodium chloride feeding or mannitol infusion, renal citrate and
ammonia metabolism changed markedly [I]. The changes,
consisting of a decrease in renal cortical citrate content, a fall in
urinary citrate excretion, and a rise in ammonia excretion, are
all similar to changes known to be induced by extracellular
acidosis [2, 3]. Blood pH in these animals, however, was
unchanged. Three possible explanations were proposed to
explain these observations. The first possibility considered was
that because potassium affects both renal citrate and ammonia
metabolism [2, 4], renal tubular cell potassium concentration
was further reduced by volume expanding the potassium-
depleted animals. A second proposed explanation, based on the
fact that bicarbonate ions may alter metabolism independent of
pH [5, 6], was that the isohydric decrease in blood bicarbonate
concentration caused by the volume expansion was responsible
for the renal metabolic changes. The final explanation offered
was that volume expansion in some unknown manner reduced
renal tubular cell pH. This latter hypothesis is consistent with
the observation that intracellular pH at least partially regulates
muscle citrate metabolism [7] and the demonstration that
changes in pH alter renal glutamine and ammonia metabolism
[81.
To determine which, if any, of these possibilities were
responsible for the altered renal metabolism induced by vo][ume
expansion, we volume expanded normal rats and determined
their urinary citrate, ammonia, and net acid excretion. Volume
expansion caused by mannitol or saline infusion resulted in an
isohydric decrease in blood bicarbonate concentration similar
to the decrease observed in the potassium-depleted rats [I]. In
another group of noimal rats, blood bicarbonate concentration
was maintained constant by infusing a saline bicarbonate solu-
tion, thus allowing an examination of the effect of volume
expansion under isobicarbonate as well as isohydric conditions.
To determine whether reduced buffering capacity secondary to
potassium depletion [9, 10] could have been responsible for the
observations in the potassium-depleted rats, we volume cx-
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panded a fourth group of rats that had chronic metabolic
acidosis and a presumably reduced renal tubular cell pH and
buffering capacity llI by using saline under isohydric and
isobicarbonate conditions. The results show that when volume
expansion is associated with an isohydric reduction in blood
bicarbonate, urinary citrate excretion decreases and urinary
ammonia excretion increases. By contrast, when the blood
bicarbonate concentration is maintained constant during vol-
ume expansion, urinary citrate excretion rises whereas ammo-
nia excretion is not significantly altered in either normal or
acidotic rats. These results suggest that the previously reported
effect of volume expansion on renal metabolism in potassium-
depleted animals is due to the induced isohydric reduction in
blood bicarbonate, not to a volume-mediated effect on renal cell
pH.
Methods
Animal preparation. Male Sprague-Dawley rats, each weigh-
ing 300 to 350 g, were used in all experiments. On the day of the
experiment, each rat was anesthetized by the i.p, injection of
mactin, 100 mg/kg of body wt. A tracheostomy was performed,
a superior vena cava infusion catheter was inserted, a femoral
arterial line was placed for blood sampling, and a bladder
catheter was placed suprapubically, The venous infusion line
was connected to a Harvard constant infusion syringe pump
(Harvard Apparatus Company, Inc., Millis, Massachusetts).
All animals with the exception of those in the acidotic group
were placed on a Harvard Apparatus Rodent Respirator and
were ventilated with a 30% oxygen, balance nitrogen gas
mixture with a tidal volume of 2 cc at a rate of 60/mm. In the
acidotic animals, the trancheostomy was used to remove secre-
tions, but the animals were permitted to breath spontaneously.
Fifteen minutes following surgery, a 0.3 ml arterial blood
sample was analyzed to determine whether the animals were in
normal acid base status. After each blood drawing, identical
volumes of saline were given to the animal. Animals were then
given a bolus of inulin (0.285 mg/kg) and begun on either a 5%
dextrose in water or saline-sustaining infusion containing 4C-
inulin at a concentration of 0.032 mg/mI. The solution was
infused at a rate of 8.3 mi/hr. After 45 mm of inulin infusion, 1.0
ml of blood was drawn from the arterial line for blood acid-base
and inulin determinations. A 90-mm control period (period 1)
followed with urine collection. All urine samples throughout the
experiment were collected under oil. At the end of the 90-mm
period, a 2.0-mi arterial blood sample was drawn and analyzed
for blood gases, 14C-inulin, citrate, and potassium. Volume
expansion was then begun using the various solutions enumer-
ated below. Each infusion solution contained inulin, and all
infusions were administered at a rate of 25.5 mI/hr. The inulin
concentration in the expansion solutions was decreased to 0.0 10
mg/mi to maintain constancy of the inulin infused per minute
over the entire experiment. The urine sample collected for the
first 20 mm after beginning volume expansion was discarded. A
60-mm expansion period (period 2) followed with urine collect-
ed throughout the period, and 0.3 ml of blood was obtained at
the beginning and the end of the period. Two additional
expansion periods (periods 3 and 4) of 30 mm each followed
with 0.3 ml of blood obtained at the end of each of these
periods. Animals were sacrificed by exsanguination from the
abdominal aorta into a heparinized syringe.
Experimental groups. Group 1 animals were expanded using
a 280 mM mannitol solution. Group 2 rats were handled in an
identical fashion except the expanding solution was a normal
saline solution. Group 3 rats were divided into two groups, A
and B. Each received a 280 mOsm solution containing 24.5 mEq
of sodium bicarbonate and 115.5 mEq of sodium chloride per
liter. The bicarbonate value of 24.5 mEq/liter was obtained by
examining the preexpansion blood values of the previous two
groups of rats. Group 3A rats received saline during the control
period, and group 3B rats were given 5% dextrose and water
during the control 90-minute period. Group 4 animals were
made acidotic by ammonium chloride feeding. Each animal
received 6 ml of a solution containing 20% dextrose and 600 m'vi
ammonium chloride by tube feeding once in the afternoon 2
days prior to the experiment, twice the next day, and a fourth
feeding 2.5 hours prior to the experiment. During these 2 days,
the rats had free access to drinking water. Volume expansion in
the acidotic animals was accomplished with a normal saline
solution.
Analytic methods. Blood pH and Pco2 were measured by a
blood microsystem (Radiometer BMS3 MK2) at 37°C. Urine pH
was measured by a pH meter (Radiometer Model 27). Blood
bicarbonate was calculated from the Henderson-Hasselbaich
equation, with a pK of 6.13. Plasma and urine sodium and
potassium concentrations were determined on a flame photom-
eter (IL model). Citrate was determined enzymatically tl2J, and
ammonia was determined as previously described [1J. Radioac-
tivity of the inulin was measured in a three-channel liquid
scintillation counter (Packard Instrument Company, Inc.,
Downers Grove, Illinois) using automatic external standardiza-
tion and standard methods for determining efficiencies. Inulin
clearance was calculated by standard methods. Titratable acid
was measured by titration with sodium hydroxide, and urinary
bicarbonate was measured manometrically by a Van Slyke
apparatus. Net acid excretion was calculated as the algebraic
sum of urinary ammonia excretion and titratable acidity minus
urinary bicarbonate excretion. Percent of citrate reabsorbed
was calculated as filtered citrate-excreted citrate ÷ filtered
citrate x 100. Blood citrate values used for periods 2 and 3 were
the mean of the values obtained in periods I and 4.
Results
Effect of mannitol (group I), saline (group 2), and saline-
bicarbonate (group 3) infusions on blood and urine acid-base
values in normal rats. Extracellular acid base values in groups
1, 2, 3A, and 3B rats are shown in Table 1. In groups I and 2,
the blood bicarbonate concentration fell significantly in each of
the three expansion periods with no significant change in blood
pH. Simultaneously, blood Pco2 levels fell significantly in each
of the expansion periods in the group 1 and group 2 rats (P <
0.02). Plasma potassium concentration in the mannitol infused
rats rose significantly (P < 0.05) from a control value of 4.5
0.2 to a level of 5.3 0.3 rnEq/liter at the conclusion of
expansion period 3, hut the plasma potassium concentration
was not significantly altered in the saline-infused rats, being 4.6
0.2 and 4.5 0.3 mEq/liter in the control and final periods,
respectively (P> 0.4). By contrast, both group 3A and 3B rats,
infused with a saline-bicarbonate solution, had no reduction in
either their blood bicarbonate concentration (P > 0.4) or their
Pco2 values (P > 0.4). Blood pH in the group 3A and 3B rats,
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Table 1. Effect of volume expansion on blood and urine acid-base values and urine volume and GFR in normal rats
Blood Urine
HCO3 HCO Volume GFR
Group Period pH mEq/Iiter pH sEq/mm mi/hour mi/,nin
1, mannitol (N = 6) 1 7.34 0.03 23.3 0.5 6.40 0.13 0.11 0.08 2.0 0.8 2.18 0.44
2 7.36 0.02 21.8 0.5h 6.60 0.15 1.72 0.77h 19.6 0.4h 2.06 0.52
3 7.38 0.02 21.8 0.4h 6.60 0.13 1.25 0.36' 17.6 l.3h 1.60 0.38c
4 7.38 0.02 21.3 Ø•7h 6.60 0.13 1.22 0.37' 16.2 1.4" 1.41 0.31c
2, saline (N = 13) 1 7.31 0.01 24.0 0.5 6.13 0.11 0.04 0.02 1.4 0.6 2.32 0.28
2 7.31 0.01 21.4 0.6" 6.28 0.12 0.45 0.27" 9.6 2.0" 3.43 0.31"
3 7.31 0.01 20.3 0.7" 6.21 0.06 0.31 0.10" 13.4 1.6" 2.96 0.36c
4 7.32 0.02 20.5 0.7" 6.18 0.08 0.35 0.12" 13.8 I.6L 3.20 0.31"
3A, saline + HCO3 (N = 10) 1 7.36 0.01 25.3 0,5 6.76 0.13 0.29 0.14 3.2 1.6 2.10 0.24
2 7.36 0.02 26.0 0.5 6.75 0.5 1.65 0.07" 14.2 34b 3.22 0.26"
3 7.38 0.02 26.1 0.5 6.87 0.07 2.19 0.36" 14.8 2.0" 2.83 0.34"
4 7.40 0.02 25.9 0.5 6.92 0.09 2.15 0.56" 14.6 l.8" 2.68 0.28c
3B, saline + HCO3 (N = 7) 1 7.40 0.02 24.7 0.6 6.48 0.14 0.12 0.07 1.8 0.6 2.47 0.24
2 7.38 0.03 24.3 0.5 6.62 0.25 1.14 0.26" 13.6 1.2' 3.64 0.28"
3 7.38 0.03 24.5 0.7 6.60 0.16 0.94 0.38" 14.4 0.6" 3.44 0.22c
4 7.40 0.02 24.8 0.6 6.70 0.18 1.64 0.39" 12.8 0.8" 3.79 0.20"
a Each value represents the mean 5EM.
b Differs from period I value by P < .001 using the paired t test
Differs from period 1 value by P < 0.05 using the paired t test
Table 2. Effect of volume expansion on blood and urinary citrate in normal ra1s
Citrate Excretion
Blood citrate Citrate reabsorption
Group Period p.moleslmi nnioles/min nmoles/,nin/C,,, %
1, mannitol (N = 6) I 0.081 0.011 9.94 0.58 4.56 0.67 94.4 0.8
2 6.64 0.72" 3.13 0.57" 96.4 l.0
3 5.76 l.88c 3.60 1.42w 95.3 0.5c
4 0.080 0.014 4.27 0.98" 3.03 0.58" 96.4 0.6
2, saline (N = 13) I 0.073 0.013 10.97 0.96 4.73 0.72 93.5 0.8
2 13.65 0.61 3.98 0.27c 94.3 0.4
3 9.18 0.82" 3.10 0.79" 95.8 0.8c
4 0.072 0.014 11.20 0.98 3.50 0.90c 95.2 0.8c
3A, saline + HCO3 (N = 10) I 0.078 0.007 17.47 4.32 8.32 2.97 89.6 2.1
2 27.57 4.6lc 8.04 2.52 89.9 1.6
3 27.82 3.9& 9.40 2.95 88.0 l.4c
4 0.082 0.010 30.20 5.22" 11.27 3.38w 86.4 l.2
3B, saline + HCO3 (N = 7) 1 0.098 0.006 12.65 1.62 5.12 1.04 94.6 0.9
2 25.26 l.84" 6.94 0.82 93.7 0.5
3 20.05 2.46c 5.83 1.26 94.2 0.7
4 0.102 0.007 34.75 3.03" 9.17 1.48 90.9 0.6c
a Each values represents the mean 5EM.
b Differs from period 1 value by P < 0.01 using the paired (test
a Differs from period I value by P < 0.05 using the paired (test
like the pH in groups 1 and 2, was not altered by volume
expansion. Plasma potassium concentration was not affected by
expansion, Urine pH rose slightly but insignificantly in all
groups, but the bicarbonate excretion rose significantly in every
expansion period in each of the groups. Because of the critical
importance of the group 3animals, two studies were performed.
The initial studies used saline infusion in the control period, but
control urine pH, bicarbonate, and citrate excretions (Tables I
and 2) were higher than they were in group 1 or 2 rats. Other
studies were performed, therefore, in which a solution dextrose
and water was infused during the control period at rates
identical to that given to the first two groups.
Effect of volume expansion on urinary citrate excretion in
normal rats. As shown in Table 2, blood citrate levels in each of
the groups of normal rats was unaffected by volume expansion
(P> 0.5). Despite the absence of a change in blood citrate, the
urinary citrate excretion per unit of GFR fell significantly (P <
0.05) in each of the three expansion periods in both the
mannitol- and saline-infused rats. Absolute citrate excretion fell
significantly during expansion in mannitol but not group 2 rats.
As citrate is handled in the kidney primarily by glomerular
filtration and tubular reabsorption [13j plus metabolism of
citrate, the observed decrease in citrate excretion in groups 1
and 2 presumably was due to increased tubular reabsorption of
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Table 3. Effect of volume expansion of ammonia and net acid excretion in normal rats'
Ammonia excretion
Table 4. Effect of volume expansion with saline on blood and urine
acid-base values, urine volume, and GFR in acidotic rats'
Blood Urine
filtered citrate, as shown in the last column of Table 2. But, a
reduction in citrate secretion is not completely ruled out. The
decreased citrate excretion per unit of GFR was not due to a
change in filtered load, for although significant increases in
inulin clearance occurred in the saline rats GFR did not increase
in the group I rats (Table I). In contradistinction to the
decreased citrate excretion observed in the first two groups,
both group 3A and 3B rats showed no decrease in citrate
excretion. In fact, as shown in Table 2, absolute citrate excre-
tion rose significantly in each of the expansion periods. Also, in
both 3A and 3B rats, citrate excretion per unit of GFR exceeded
control in the final expansion period (P < 0.05). Calculated
citrate reabsorption was decreased significantly in the last
expansion period in both groups.
Effect of volume expansion on urinary ammonia and net acid
excretion in normal rats. Table 3 shows that absolute urinary
ammonia excretion rose in all four groups of animals during
volume expansion, but only in groups I and 2 was there a
significant rise in ammonia excretion per unit of GFR. Similar
results are shown for net acid excretion, in which significant
increases per unit GFR were found only in the mannitol- and
saline-expanded rats.
Net Acid Excretion
Effect of volume expansion on blood and urine acid-base
values in acidotic rats of group 4. Table 4 shows the blood acid-
base values in the acidotic rats. Blood pH, bicarbonate, and
Pco, values were all significantly lower than they were in theVolume GF four groups of normal rats (P < 0.01). As in the normal rats,m r ii
volume expansion had no statistically significant effect on blood
4.0 1.43 pH. In the acidotic rats, volume expansion did not decrease the
1.4 blood bicarbonate concentration, a result similar to that foundl3.4 4' in the group 3A and 3B rats. Plasma potassium concentration in
bOb 1:63 the control period was 4.7 0.2, and the final value of 4.4 0,2
mEq/liter did not differ from control (P > 0.1). During volume
14.4b 1.74 expansion, urine pH and bicarbonate excretion rose slightly but
insignificantly (P > 0.1). Urinary volume was significantly
increased in each of the expansion periods. GFR increased
slightly but not significantly during expansion (P > 0.05 <0. I).
Effect of volume expansion on urinary citrate and ammonia
excretion in acidotic rats. As shown in Table 5, blood citrate
concentration in acidotic rats was unaffected by volume expan-
sion (P > 0.4). This is similar to the results in normal rats.
Blood citrate levels in the acidotic rats, however, were signifi-
cantly lower than they were in each of the three groups of
normal rats (P < 0.02). Despite the constancy of blood citrate,
urinary citrate excretion per unit of GFR rose significantly in
the final two expansion periods, suggesting decreased fractional
tubular citrate reabsorption. But, urinary citrate excretion was
essentially zero during control in 4 of the 10 rats studied and
was greater than zero in 9 of 10 rats by the end of expansion.
Calculated citrate reabsorption, therefore, was difficult to cal-
culate. In the 6 rats who had measurable citrate in their control
urine samples, citrate reabsorption decreased significantly dur-
ing expansion (P < 0.05). Absolute ammonia excretion rose
significantly in two of the three expansion periods, but the rise
in ammonia excretion per unit of GFR was not significant (P>
0.1).
Comparison of the effrct of volume expansion on urinar
citrate, ammonia, and net acid excretion in the five groups of
rats. Figure 1 shows that citrate excretion per unit of GFR
decreased only in the two groups (open triangles and squares)
whose blood bicarbonate concentration fell during volume
Group Period molesf,nin
0.78 0.12
1.59 0.l6h
1.30 0.l2
1.10 0.14'-
prnoles/min/C,,,
0.36 + 0.08
0.77 0.08"
0.81 0.05"
0.78 0.07"
p.moleslmin
2.31 0.27
3.71 0.38'-
4.46 ÷ 0.36
4.20 0.28"
p.mo/eslmin/C,,,
1.06 0.21
1.80 0.20'-
2.79 0.26"
2.98 0.20
1, mannitol (N = 6) 1
3
4
2, saline (N = 13) I
2
3
4
0.81 0.08
2.09 0.l6
2.01 0.14"
2.21 1.10"
0.35 0.03
0,61 + 0.05
0.68 0,06k
0.69 0.05
1.65 0.28
3.98 0.34'-
4.74 0.36"
4.90 0.32
0.71 0.16
1.16 0.18'-
1.60 0.l6
1.53 + 0.15"
3A, saline + 11C03(N= 10) I
2
3
4
0.67 0.12
1.42 0.14"
1.22 0.13"
1.07 0.14'-
0.32 0.06
0.44 0.04
0.43 0.04
0.40 0.04
1.41 0.24
2.00 0.32
2.18 0.36
2.06 0.38
0.67 0.12
0.62 0.14
0.77 0.14
0.84 0.16
3B, saline +HCO3 N 7 I
2
3
4
0.74 0.16
1.38 0.18'-
1.38 0.16'-
1.36 0.18'-
0.30 0.05
0.38 ÷ 0.04
0.40 0.04
0.36 0.04
1.19 0.18
1.67 0.22
1.96 0.20'-
2.24 + 0.24'-
0.48 0.10
0.46 0.10
0.57 0.12
0.59 0.10
a Each value represents the mean SEM.
"Differs from period I value by P < 0.01 using the paired / test
Differs from period 1 value by P < 0.05 using the paired t test
HCO1
Period pH niEqililer
1 7.00 13.0
2 7.05 13.2
3 7.07 13.3
4 7.09 13.2
0
5.83 0.02
O06
5.87 0.03
0.06
÷0.04
a Each value represents the mean SCM in the 10 acidotic rats.
" Differs from period I value by P < 0.01 using the paired t test.
Fig. 1. Effect qf rolume expansion on urinary citrate excretion. Each
point is the mean of the number of experiments shown in the tables.
expansion. By contrast, in the groups whose blood bicarbonate
concentration remained constant (closed circles, triangles, and
squares) urinary citrate excretion per unit of GFR compared
with control rose significantly (P < 0.02) during the last two
periods. Similar results are shown in Fig. 2, which depicts
urinary ammonia excretion per unit of GFR in the five groups of
rats. In groups 1 and 2, urinary ammonia excretion per unit of
GFR significantly rose in each of the three expansion periods (P
<0.01), whereas in the constant blood bicarbonate rats (groups
3A and 3B and 4), the increase in ammonia excretion was
insignificant compared with control (P > 0.1) and significantly
less than in the mannitol- and saline-infused normal groups (P <
0.01). Figure 3 shows the changes in net acid excretion per unit
of GFR compared with control in each of the four groups. Net
acid excretion significantly increased only in groups I and 2,
whose blood bicarbonate concentration fell, whereas it did not
significantly rise in any of the three isobicarbonate groups.
Thus, volume expansion in the groups I and 2 rats caused a
drop in blood bicarbonate, a fall in urinary citrate excretion per
unit of GFR, a rise in urinary ammonia excretion per unit of
GFR, and a rise in net acid excretion per unit of GFR, whereas
none of these effects were found in the groups 2 and 4 rats.
Discussion
The present experiments show that isohydric volume expan-
sion, unaccompanied by a change in blood bicarbonate, has no
significant effect on urinary ammonia excretion per unit of GFR
and increases rather than decreases urinary citrate excretion
per unit of GFR. Previous experiments performed in potassium-
deficient rats (1) demonstrated both increased urinary ammonia
excretion and decreased urinary citrate excretion per milligram
of urinary creatinine following volume expansion. These find-
ings in the potassium-deficient rats were associated with de-
creases in blood bicarbonate similar to those found in the
groups 1 and 2 rats, the groups who showed similar alterations
in urinary ammonia and citrate excretion. The changes in citrate
and ammonia excretion were larger in the potassium-deficient
rats, but the decrease in blood bicarbonate was also greater.
Thus, in potassium-deficient rats mannitol infusion lowered the
blood bicarbonate from 37.3 to 31.8 mEq/liter. By contrast,
mannitol infusion in normal rats lowered the blood bicarbonate
only from 23.3 to 21.3 whereas saline infusion lowered normal
rat blood bicarbonate from 24.0 to 20.5 mEq/liter. The postulat-
ed reduction in renal tubular cell buffering capacity found in
potassium depletion [2, 9, 141 does not appear to account for the
results. The group-4 acidotic animals who presumably had a
reduced cell buffering capacity [11] did not significantly alter
their blood bicarbonate or urinary ammonia excretion per unit
of GFR during volume expansion, and urinary citrate excretion
increased rather than decreased. These findings, plus the obser-
vation that isohydric, isobicarbonate volume expansion with a
saline-bicarbonate solution fails to increase urinary ammonia
excretion per unit of GFR, suggest that the fall in the blood
bicarbonate is responsible for the observed renal metabolic
changes in potassium-deficient and groups I and 2 normal rats.
The effects of bicarbonate on renal metabolism provide
another example of bicarbonate's physiologic role separate
from its regulation of extracellular acidity. It has previously
been shown that isohydric changes in bicarbonate alter liver [6],
muscle [5], kidney [IS], and brain [161 metabolism, as well as
the transcellular movement of potassium [17]. In addition, renal
mitochondrial citrate decarboxylation increases in vitro when
extracellular bicarbonate is reduced isohydrically [18, 19]. If
this effect occurs in vivo it could explain the decreased urinary
citrate excretion observed when blood bicarbonate is reduced.
The increased citrate excretion found in the isobicarbonate
groups may be secondary to decreased renal tubular citrate
reabsorption [20], as the latter occurs primarily in the proximal
tubule [21]. There is some evidence, however, that citrate is
secreted into tubular cells and tubular lumen from the perilubu-
lar plasma [22, 23], and altered excretion might reflect this
mechanism. Although absolute net citrate reabsorption in-
creased in all groups but group 1 during volume expansion, the
fact remains that citrate excretion and net tubular reabsorption
of citrate did vary with alterations in the plasma bicarbonate
concentration. Similarly, changes in ammonia excretion were
related to the changes in the blood bicarbonate. This effect of
Period
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Table 5, Effect of volume expansion on urinary citrate and ammonia excretion in acidotic rats
Citrate excretion Ammonia excretion
Blood citrate
p..moles/,n/
0.042 0.007
.
ninolesimin .nino/esiminiC,,, p.inoles/,nin
3.03 0.21
0
JJflOIeS/tflln/C,,,
2.12 0.133.43 1.80 2.40 1.30
2 5.83 2.94 3.45 2.26 3.97 O.l9h 2.35 1)08
3 9.16 5.86h 5.62 4.43 3.93 0.38 2.41 0.21
4 0.048 0.003 13.66 7.28k 7.85 6.82k 4.21 0.25k 2.42 0.17
a Each value represents the mean SEM.
"Differs from period I value by P < 0.05 using the paired t test
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Time. rn/n
480 Adler et al
2.2
2.0
1.8
U-0
C0
c.'o
a' 1.6
Ca
CCa
p1.4
1,2
1.c
SaUne +
60 90 120 160 180 210 240 Fig. 3. Effect of volume expansion on urinary net acid excretion. Each
point is the mean of the number of experiments shown in the tables.Time, mm
Fig. 2. Effect of volume expansion on urinary ammonia excretion. Each
point is the mean of the number of experiments shown in the tables.
bicarbonate on ammonia excretion is predictable from previ-
ously reported data. It is well known, for example, that with the
same degree of acidosis, urinary ammonia excretion is higher in
metabolic than in respiratory acidosis [24, 251. A significant
portion of renal ammonia production is due to glutamine
utilization [261, and renal mitochondrial glutamine metabolism
in vitro increases when external bicarbonate is reduced isohy-
drically [81. The major rate-limiting steps appear to be the
transfer of glutamine from the extramitochondrial compartment
into the mitochondrion [27] or changes in phosphate-dependent
glutaminase (PDG) activity [28]. Renal ammonia production
was not measured directly in our experiments, but it was almost
certainly elevated in groups 1 and 2 because urinary ammonia
excretion rose despite a rise in urine pH and the maintenance of
blood pH. Nonionic diffusion mechanisms, therefore, cannot
account for the increased urinary ammonia excretion [29]. It is
true that if renal blood flow decreased then urinary ammonia
excretion could rise in the absence of increased renal ammonia
production. This possibility seems unlikely, especially in the
group 2 rats, whose GFR and urinary flow rate rose, suggesting
increased rather than reduced renal blood flow. Increased
urinary flow rate may raise ammonia excretion [301, but the
urinary flow rates in the two groups of rats who showed no
increase in urinary ammonia per unit of GFR were at least equal
to the other groups. In addition, flow-dependent increases in
urinary ammonia secretion are much smaller in magnitude [311
than are those observed in either group I and 2 normal rats or
the potassium-deficient rats. The most likely explanation for the
observed changes in citrate and ammonia, therefore, is that the
decrease in bicarbonate altered the movement of the anions
citrate and glutamine from the cytosol into the mitochondria.
Simpson and Hager [32] recently reported such an action of
bicarbonate in mitochondria obtained from the renal cortex of
rabbits and dogs.
In the earlier potassium deficiency experiments [1], it was
proposed that the effects of volume expansion on urinary citrate
and ammonia excretion might be due to reduced renal tubular
intracellular pH. Renal cell pH was not measured but probably
was, if anything, elevated in groups 1 and 2 because Pco2 fell
and the Pco2 has a greater effect on dog [Ill and rat renal
tubular cell pH than does bicarbonate [33]. The effect of a
reduced blood bicarbonate on citrate and ammonia excretion,
therefore, was probably not mediated by a lowered cell pH,
although changes in cell pH heterogeneity or the transcellular
pH gradient cannot be ruled out [34, 35]. Renal mitochondrial
ammonia production is increased in vitro in an alkaline [36]
medium, so increasing pH in vivo may increase renal ammonia
production. In the absence of direct measurement of cell and
mitochondrial pH, these mechanisms must remain speculative.
The present experiments do show, however, that isohydric
changes in the blood bicarbonate affect renal citrate and ammo-
nia excretion in normal rats and this effect probably explains
similar observations reported previously in potassium-depleted
animals [1].
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